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Summary 
The bHLH-ZIP protein Mad heterodimerizes with Max 
as a sequence-specific transcriptional repressor. Mad 
is rapidly induced upon differentiation, and the associ- 
ated switch from Myc-Max to Mad-Max heterocom- 
plexes seem to repress genes normally activated by 
Myc-Max. We have identified two related mammalian 
cDNAs that encode Mad-binding proteins. Both pos- 
sess sequence homology with the yeast transcription 
repressor Sin3, including four conserved paired am- 
phipathic helix (PAH) domains, mSin3A and mSin3B 
bind specifically to Mad and the related protein Mxil. 
Mad-Max and mSin3 form ternary complexes in solu- 
tion that specifically recognize the Mad-Max E box- 
binding site. Mad-mSin3 association requires PAH2 
of mSin3A/mSin3B and the first 25 residues of Mad, 
which contains a putative amphipathic a-helical re- 
gion. Point mutations in this region eliminate interac- 
tion with mSin3 proteins and block Mad transcriptional 
repression. We suggest that Mad-Max represses tran- 
scription by tethering mSin3 to DNA as corepressors 
and that a transcriptional repression mechanism is 
conserved from yeast to mammals. 
Introduction 
The control of proliferation and differentiation by the myc 
proto-oncogene family appears to be modulated by a net- 
work of interacting transcription factors (Ayer et al., 1993; 
reviewed by Blackwood et al., 1992; Meichle et al., 1992; 
Marcu et al., 1992). Central to this network is Max, a widely 
expressed basic region-helix-loop-helix-leucine zipper 
protein (bHLH-ZIP). Recent experiments suggest that 
Max is an obligate heterodimeric partner for the Myc family 
of bHLH-ZlP proteins in mediating their functions as spe- 
cific DNA-binding transcriptional activators regulating 
transformation and apoptosis (Mukherjee et al., 1992; 
Amati et al., 1993a, 1993b). 
Max can also form heterodimers with at least two other 
members of the bHLH-ZIP family, Mad and Mxil (Ayer 
et al., 1993; Zervos et al., 1993). Mad and Mxil behave 
similarly to Myc in terms of their dimerization with Max and 
DNA binding activities; neither protein forms homodimers, 
but both can readily heterodimerize with Max to form com- 
plexes that bind to the same CACGTG E box sequence 
recognized by Myc-Max heterodimers (Ayer et al., 1993; 
Blackwell et al., 1993; Zervos et al., 1993). Both Myc and 
Mad appear to bind Max with similar apparent affinities, 
and either heterodimer is more stable than Max homodi- 
mers (Ayer et al., 1993). 
While Mad and Myc are similar in their binding activities, 
they differ strikingly in terms of their transcriptional activi- 
ties. In transient ransfection assays, overexpression of 
Myc results in activation of a reporter gene containing a 
minimal promoter and upstream CACGTG-binding sites 
(Amati et al., 1992; Kretzner et al., 1992a, 1992b; Amin 
et al., 1993; Gu et al., 1993). By contrast, Mad overexpres- 
sion results in transcriptional repression of the same re- 
porter construct (Ayer et al., 1993). Both Myc activation 
and Mad repression appear to be mediated by Max, as 
overexpression of a dominant interfering Max protein in- 
hibits both activities (Ayer et al., 1993). 
Myc and Mad both have short half-lives, and their syn- 
thesis is tightly regulated. By contrast, Max is constitutively 
expressed and stable, suggesting that Myc and Mad are 
rate limiting for assembly of the transcriptionally active 
Myc-Max or Mad-Max heterocomplexes. Because Myc- 
Max and Mad-Max heterocomplexes have very similar, if 
not identical, DNA binding specificities, we have sug- 
gested that Myc-responsive E box-containing target 
genes would be actively transcribed when Myc levels are 
high but down-regulated when Mad levels rise. One situa- 
tion for which such a scenario may occur is in the transition 
from proliferative to differentiated states. In general, Myc 
levels are highest in proliferating cells and drop during 
differentiation, although there are exceptions in which Myc 
levels remain high (reviewed by LL~scher and Eisenman, 
1990). By contrast, mad RNA and protein levels are low 
in most cycling cells tested but rise rapidly upon induction 
of differentiation (Ayer and Eisenman, 1993; Larsson et 
al., 1994; P. Hurlin, D. E. A., and R. N. E., unpublished 
data). A specific example is the in vitro differentiation of 
the myeloid leukemia cell line, U937. In proliferating U937 
cells, Myc levels are high, mad RNA and protein levels 
are low, and only Myc-Max complexes can be detected. 
However, between 24 hr and 48 hr following treatment with 
a differentiation inducer, Mad protein synthesis occurs, 
resulting in a shift from Myc-Max to Mad-Max complexes. 
We have proposed that this switch in heterocomplexes 
results in the down-regulation of Myc target genes and is 
important for the cessation of proliferation and subsequent 
differentiation (Ayer and Eisenman, 1993). This switch in 
heterocomplexes has also been observed in the differenti- 
ation of primary keratinocytes (P. Hurlin, D. E. A., and 
R. N. E., unpublished data). These results support earlier 
proposals suggesting that Mad overexpression, Mxil 
overexpression, or both inhibit the positive effect of Myc 
on cell proliferation (Ayer et al., 1993; Zervos et al., 1993). 
This notion has recently received direct support as both 
Mad and Mxil can function as potent inhibitors of Myc- 
Ras cotransformation (Lahoz et al., 1994; P. Koskinen and 
R. N. E., unpublished data). 
Transcription repression plays a key role in development 
and in the control of cell behavior (reviewed by Levine 
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Figure 1. Identification f a New Mad Binding 
Partner 
(A) An alignment between the two classes of 
Mad-binding proteins (A2 and A11) and S. cere- 
visiae Sin3 is shown. The amino acids that 
comprise yeast PAH2 (helices A and B, sepa- 
rated by a nonhelical region) are boxed, and 
residues conserved among all three proteins 
are marked with a dot. 
(13) The proteins listed at the top of the figure were synthesized in vitro 
in the presence of [~S]methionine. They were then analyzed on an 
SDS-polyacrylamide g l either directly or following low stringency im- 
munoprecipitation using anti-Mad antiserum in the presence or ab- 
sence of Mad protein as indicated. The positions of the molecular 
weight markers are shown. 
and Manley, 1989). Recent work suggests that eukaryotic 
transcriptional repressors function through a variety of 
mechanisms. Several appear to function by rendering 
chromatin inaccessible to the transcriptional machinery 
(reviewed by Winston and Carlson, 1992; Cooper et al., 
1994), while others have been proposed to interact directly 
with the transcriptional machinery itself (Baniahmad et al., 
1992; Han and Manley, 1993; Yew et al., 1994) or to pre- 
vent the assembly of preinitiation complexes (Fondell et 
al., 1993; Merino et al., 1993; Auble et al., 1994). In most 
cases, however, the specific nature of the protein-protein 
interactions and their mechanistic outcomes remain ob- 
scure. Down-regulation of gene expression by Mad-Max 
heterodimers may play a critical role in modulating cell 
cycle exit during differentiation and therefore provides an 
important system in which to study repression mecha- 
nisms. 
Results 
Identification of a New Binding Partner for Mad 
To investigate whether Mad is capable of interacting with 
proteins other than Max, we utilized the two-hybrid interac- 
tion screen (Chien et al., 1991). In the version of this sys- 
tem employed here, transcriptional activation results in 
production of HIS3 and ILgalactosidase, thereby allowing 
selection of histidine prototrophs and blue-white screening 
(Vojtek et al., 1993). The LexA DNA.binding domain fused 
to a full-length mad cDNA (amino acids 1-220) was used 
as our "bait" in this screen. This fusion protein was incapa- 
ble of activating transcription in the yeast strain L40 (data 
not shown) and resulted in white colonies and histidine 
auxotrophy. To screen for binding proteins, an L40 yeast 
strain that expressed the LexA-Mad fusion protein was 
transformed with a library of cDNAs synthesized from 9.5- 
10.5 day mouse embryo RNA. These cDNAs were fused 
to the transactivation domain of the herpes virus transacti- 
vator protein VP16. From approximately 5 x 108 trans- 
formants, 75 colonies were capable of both growth on me- 
dia lacking histidine and production of ILgalactosidase. 
To identify specific interactions, we cured the bait plas- 
mids from these 75 colonies and mated the resulting 
strains to AMR70 strains containing either LexA-lamin, 
LexA-Max, LexA-Mad (amino acids 1-220), or LexA-Mad 
(amino acids 1-141) fusion proteins. Of the VP16 fusion 
proteins produced in these strains, only 22 retained the 
ability to interact with LexA-Mad (amino acids 1-220). The 
22 VP16 fusion proteins were also capable of interacting 
with LexA-Mad (amino acids 1-141), suggesting that a 
conserved region in the carboxyl terminus of Mad did not 
mediate the interaction. Sequence analysis of 15 of the 
22 Mad-binding VP16 fusion proteins revealed that they 
could be grouped in two classes typified by clones A2 
(1 clone) and A l l  (14 clones). The remaining 7 clones 
behaved identically to A2 and A l l  in the mating assay 
and were not analyzed further. The open reading frames 
encoded by these two cDNAs were 35% identical to one 
another and 30% identical that of the Saccharomyces cer- 
evisiae general transcriptional repressor SIN3 (Figure 1A). 
SIN3 encodes a protein of 1538 amino acids and has four 
putative paired amphipathic helix (PAH) domains, which 
are thought o mediate protein-protein interaction (Wang 
et al., 1990). The region of similarity between Sin3 and A2 
and A11 was centered around PAH2 of SIN3. Therefore, 
clones A2 and A l l  may represent PAH2 domains in the 
mammalian proteins, and these domains might be respon- 
sible for interaction with LexA-Mad. 
To determine whether Mad could interact with the 
VP16-A2 and VP16-A11 fusion proteins under different 
and more controllable conditions, we xamined their abil- 
ity to form complexes in solution by immunoprecipitation 
(Figure 1B). In vitro translated Mad and VP16-A2 and 
VP16-A11 were mixed, and immunoprecipitations with 
antibodies directed against Mad were performed. Neither 
VP16-A2 or VP16-A11 alone could be detected in anti- 
Mad immunoprecipitates. However, when mixed with Mad 
protein, both proteins coprecipitated with Mad. Since 
VP16 alone showed no association with Mad, the interac- 
tions detected with the fusion proteins must be dependent 
on the A2 and A l l  segments. 
To test the binding specificity of A2 and A l l ,  we fused 
their open reading frames to glutathione S-transferase 
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(GST-A2 or GST-A11) and tested the binding of the bacte- 
rially expressed fusion proteins to different in vitro trans- 
lated, radioactively labeled proteins. Of this series of 
[3sS]methionine-labeled proteins, only Mad and the related 
protein Mxil showed specific binding to GST-A2 and 
GST-A11 (data not shown). The other proteins tested 
showed no binding above background to the fusion pro- 
teins. These included other members of the bHLH-ZIP 
family (c-Myc, USF, AP-4, Max [see Figure 6]), members 
of the bZIP family (Foe and Jun), pRB (Weinberg, 1992), 
the retinoblastoma-related proteins p107 (Ewen et al., 
1991) and p130 (Li et al., 1993), and the general transcrip- 
tion factor TATA-binding protein (Zawel and Reinberg, 
1992). These two experiments uggest that these regions 
of the mammalian homologs of yeast Sin3 (clones A2 and 
A11) can interact with Mad in solution and possess a bind- 
ing specificity that is apparently restricted to Mad and 
Mxil. 
Cloning of mSin3A and mSin3B 
We employed A2- and A11-specific sequences to screen 
cDNA libraries, and we isolated putative full-length cDNAs 
encoding both proteins, mSin3A, corresponding to A l l ,  
was isolated from a murine embryonic stem cell library 
and pieced together from three overlapping cDNA frag- 
ments. It encodes an open reading frame of 1219 amino 
acids. Interestingly, mSin3A can exist as at least two alter- 
natively spliced isoforms, as we detected the presence of 
a 9 amino acid insert between amino acids 1205 and 1208 
of mSin3A. We have termed this isoform mSin3A9. We 
believe that the sequence represents the entire open read- 
ing frame since the ATG at nucleotide positions 55-57 is 
in good context for translational initiation (Kozak, 1989) 
and is preceded by an upstream in-frame amber termina- 
tion codon. In addition, immunoprecipitation r Western 
blotting of cellular proteins with antibodies specific for 
mSin3A detected polypeptides that comigrate with the in 
vitro translated mSin3A protein (data not shown). 
Clones encoding mSin3B were isolated from a murine 
embryonic kidney library using the A2 clone as a probe. 
The apparent full-length open reading frame was con- 
structed from two overlapping cDNAs and encodes a pro- 
tein of 954 amino acids. The ATG at nucleotide positions 
13-15 is in excellent context for translational initiation (Ko- 
zak, 1989) and functions in translation reactions in vitro 
(data not shown). However, because the open reading 
frame is not preceded by termination codons, we can only 
tentatively assign this position as the translational initiation 
site. 
mSin3A and mSin3B display blocks of similarity to yeast 
Sin3 throughout their respective open reading frames (Fig- 
ures 2A and 2B; for brevity, the nucleotide sequences are 
not shown but are available from the data base). The re- 
gions of highest similarity between mSin3A and mSin3B 
with Sin3 are centered around the four PAH domains of 
Sin3, suggesting that these regions in the mammalian pro- 
teins play a similar functional role. In addition, the regions 
between PAH3 and -4 and that just following PAH4 of yeast 
Sin3 are highly conserved in mSin3A and mSin3B and are 
therefore potentially important functional regions. While 
the similarity between the yeast and the mammalian pro- 
teins appears localized to specific portions of the open 
reading frame, the similarity between the two mammalian 
proteins extends the entire length of their open reading 
frames (alignment not shown), with the highest regions of 
homology centered around the four potential PAH do- 
mains and between PAH3 and -4. The most pronounced 
difference between mSin3A and mSin3B is at the amino- 
termini of the two proteins (Figure 2B). mSin3B has a 
shorter amino-terminal region than mSin3A and has dele- 
tions relative to mSin3A in the region between the PAH1 
and -2 domains of the two proteins. Therefore, mSin3A 
and mSin3B are structurally related to yeast Sin3, and the 
fact that they also contain potential PAH motifs suggested 
that they may be functionally related. 
The PAH domains of Sin3 have been shown to be im- 
portant for its function as a transcriptional repressor (Wang 
and Stillman, 1993). To determine whether these related 
regions of mSin3A and mSin3B could also be modeled as 
PAHs, we have aligned the four pairs of potential helices 
from mSin3A and mSin3B in pair-wise corn binations. From 
this alignment, we have deduced a consensus for helix 
A and helix B of the potential PAH domains that places 
hydrophobic residues at positions 3, 7, 8, 10, and 14 of 
helix A and positions 3, 7, and 10 of helix B (data not 
shown). This spacing of hydrophobic residues is reminis- 
cent of the 3 + 4 hydrophobic repeat found in amphipathic 
helices (Albers, 1992). To confirm that these potential heli- 
ces do in fact have amphipathic haracter, we have plotted 
the PAH domains from mSin3A and mSin3B as helical 
wheels (data not shown). One side of each helix is almost 
solely hydrophobic, while the other is rich in charged resi- 
dues and devoid of hydrophobic amino acids, thus demon- 
strating the amphipathic nature of these two helices. We 
conclude that the highly conserved regions of mSin3A and 
mSin3B can be modeled as amphipathic (~-helices and 
therefore are likely to share functional as well as structural 
properties with those in Sin3. 
Nonoverlapplng Interactions between Mad, 
Max, and mSin3 
Figure 1 shows that Mad can interact with a small region 
of the mSin3A and mSin3B proteins. However, one cri- 
terion for biological relevance is that full-length mSin3 
interacts with Mad. We therefore synthesized [~S]methio- 
nine-labeled mSin3A and mSin3A9 proteins by in vitro 
translation and determined whether the mSin3A proteins 
could be detected complexed to Mad in solution. Mad and 
either of the mSin3A proteins were mixed and immunopre- 
cipitated with antiserum specific for Mad. mSin3A protein 
was detected in the anti-Mad immunoprecipitates only if 
Mad protein was included in the binding reaction, indicat- 
ing that mSin3A was precipitated by virtue of its associa- 
tion with Mad (Figure 3). Similar experiments with in vitro 
synthesized full-length mSin3B showed that it could inter- 
act with Mad as well (data not shown). The original frag- 
ments of mSin3A and mSin3B detected in the two-hybrid 
screen contained the PAH2 domain, suggesting that this 
domain was responsible for the interaction with Mad in 
the yeast cells. To test this idea, we have deleted the PAH2 
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Figure2. Amino Acid Sequences for mSin3A 
and mSin3B 
The deduced amino acid sequences encoded 
by mSin3A and mSin3B cDNAs are shown 
aligned to that encoded by SIN3. mSin3A, 
mSin3B, and Sin3 were aligned using either 
the PILEUP (Genetics Computer Group [Uni- 
versity of Wisconsin, Madison]) (A) or MACAW 
algorithms (Schuler et al., 1991) (B). Each pair 
of boxes connected by underlining represents 
a PAH motif; all the pairs have been labeled 
PAH1 -PAH4. 
(A) The residues that are conserved in all three 
proteins are marked with a dot. The alterna- 
tively spliced mSin3A9 contains a 9 residue in- 
sertion (RLHQRFQAW)following residue 1205 
of mSin3A (data not shown). 
(B) The alignment is shown schematically, with 
the length of each protein and the approximate 
percentage identity between each pair of pro- 
teins given at the right. The stippled boxes rep- 
resent conserved sequence motifs, closed 
boxes represent he conserved PAH domains, 
and open boxes represent nonconserved re- 
gions. The approximate percentage of se- 
quence identity between each pair of proteins 
is given. 
domain of mSin3A and synthesized this protein •in vitro. 
In a coimmunoprecipitation experiment with Mad, we de- 
tected no interaction above background between the two 
proteins under conditions in which wild-type mSin3A bound 
Mad (Figure 3). Thus, Mad interacts with full-length mSin3A 
and the alternatively spliced mSin3A9 proteins in a man- 
ner dependent on the PAH2 domain. 
To determine which region(s) of Mad was required for 
interaction with the mSin3A proteins, we constructed a 
series of mutations in Mad and, as above, assayed their 
binding to mSin3A by immunoprecipitation. Because the 
PAH domains are thought to be structurally very similar 
to the HLH motif of the bHLH-ZIP family (Wang et al., 
1990), we reasoned that PAH2 might interact with the HLH 
domain of Mad. However, Mad proteins with deletions of 
either helix 1, helix 2, or the entire HLH domain still dis- 
played interaction with mSin3A (Figure 4A). Deletion of 
the Mad basic region and its other dimerization motif, the 
leucine zipper, were also dispensable for in vitro interac- 
tion with mSin3A. However, deletion of as few as 25 amino 
acids from the amino terminus of Mad resulted in a com- 
plete loss of binding to mSin3A (Figure 4A). The lack of 
interaction between mSin3A and the amino-terminally de- 
Mad + 
anti-Mad 
[ + + + I 
Figure 3. In Vitro Binding of mSin3A to Mad 
[~S]methionine-labeled, in vitro translations of mSin3A, mSin3A9, and 
mSin3-APAH2 analyzed on a SDS-polyacrylamide gel. The proteins 
were either electrophoresed directly following translation or following 
low stringency immunoprecipitation in the presence or absence of in 
vitro translated Mad protein using anti-Mad antiserum as indicated by 
plus signs. The positions of the molecular weight markers are given. 
leted Mad protein presumably reflects a disruption in their 
dimerization interface, as the Mad proteins used in this 
experiment were all expressed at similar levels (Figure 
4B). Previously characterized functional and dimerization 
domains of Mad were not required for interaction with 
mSin3A. Instead, the identification of the amino-terminal 
Mad-Max-mSin3 Ternary Complexes 
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Figure 4. Determination f the mSin3A-Binding Sites on Mad 
(A) [~S]methionine-labeled, in vitro translated mSin3A was analyzed 
by low stringency immunoprecipitation using anti-Mad antiserum for 
binding to Mad and the indicated Mad mutants. The immunoprecipi- 
tates were then analyzed on a 12.5% SDS-polyacrylamide gel as 
indicated. Untreated mSin3A is shown in the first lane. 
(B) Aliquots of the in vitro synthesized, [3SS]methionine-labeled Mad 
proteins present in the immunoprecipitation reactions re shown ana- 
lyzed on a 10% SDS-polyacrylamide gel. 
25 amino acids of Mad as the mSin3-binding site defined 
a novel interaction domain in the Mad protein. 
Mad, Max, and mSin3 Bind DNA 
as a Ternary Complex 
Using the Mad mutants describe(~ above, we determined 
that, as expected, Max and Mad heterodimerize through 
the HLH-ZIP regions of both proteins (Ayer et al., 1993; 
data not shown). Thus, Max and mSin3A appear to have 
independent and nonoverlapping binding sites on Mad, 
suggesting that these proteins may be capable of forming 
ternary complexes. To address this possibility, we mixed 
in vitro translated, labeled Mad and mSin3A proteins with 
purified recombinant Max protein and determined whether 
the labeled proteins could be detected in an anti-Max im- 
munoprecipitate (Figure 5A). In the absence of Max, there 
was little Mad or amino-terminally mutated (AN56) Mad 
detected in the anti-Max immunoprecipitates (Figure 5A, 
lanes 4 and 5). The small amount of coimmunoprecipitated 
protein detected is most likely due to endogenous Max in 
the reticulocyte lysate. However, the addition of recombi- 
nant Max protein greatly increased the amount of Mad 
protein in the anti-Max immunocomplexes (Figure 5A, 
lanes 7 and 8). By contrast, there was no mSin3A detected 
in the anti-Max complexes either in the presence or ab- 
sence of added Max protein, demonstrating that Max and 
mSin3A do not interact (Figure 5A, lanes 6 and 9). When 
all three proteins were mixed, both Mad and mSin3A were 
found cornplexed to Max (Figure 5A, lane 11). However, 
if the AN56 Mad mutant (which cannot bind mSin3A) was 
used, no mSin3A was detected in the anti-Max immuno- 
precipitates (Figure 5A, lanes 12 and 13). Taken together, 
- - ~ I -  - + - - ÷ + + + + m~n3~ 
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Figure 5. Ternary Complex Formation Between Mad, Max, and 
mSin3A 
(A) mSin3A, Mad, and AN56 Mad (AN) were synthesized and labeled 
with [3SS]methionine in vitro. The proteins were analyzed by electropho- 
resis on a SDS-polyacrylamide gel, either directly or following immu- 
noprecipitation under low stringency conditions in the combinations 
given at the top of the figure. An anti-Max antiserum in the presence 
(plus sign) or absence (minus sign) of 100 ng of purified recombinant 
Max protein was used as indicated. The top portion of the figure shows 
the mSin3A polypeptides, while th bottom shows the Mad proteins. 
The two halves of the figure are from the same gel and the same 
exposure. The other bands in the Mad immunoprecipitates (lanes 7 
and 11) were presumably due to degradation. The positions of the 
molecular weight markers are given. 
(B) An electrophoretic mobility shift assay is shown using purified in 
vitro translated Mad, baculovirus-produced Max, and the bacterial- 
expressed GST-PAH2 region of mSin3B. The right-hand portion of 
the panel was exposed five times longer than was the left panel. The 
proteins listed at the top of the panel were incubated with labeled CM-1 
oligonucleotide (containing the CACGTG-Mad-Max-binding site) and 
then were analyzed under native electrophoresis conditions. 
these results indicate that the detection of mSin3A in the 
anti-Max immunocomplexes was through its association 
with Mad, and they strongly suggest that these three pro- 
teins can form ternary complexes in solution. 
Our finding that Mad-Max and mSin3A form a ternary 
complex in solution prompted us to determine whether a 
similar complex could associate with a Mad-Max DNA 
target site. To do so, we have employed the electropho- 
retic mobility shift assay using full-length in vitro translated 
Mad, baculovirus-expressed Max, and the original mSin3B 
fragment isolated by the two-hybrid screen (GST-mSin3B- 
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PAH2, corresponding to clone A2). The probe used in this 
experiment was a labeled oligonucleotide containing the 
Myc-Max- and Mad-Max-binding site CACGTG (CM-1). 
In vitro translated, histidine-tagged Mad was mixed with 
Max, and the complex was purified on a nickel affinity 
column (see Experimental Procedures). Consistent with 
previous results using these proteins, Mad-Max hetero- 
dimers bind to the labeled CM-1 probe (Figure 5B, lane 
1) (Ayer et al., 1993). GST-mSin3B-PAH2 does not bind 
this site alone or in combination with either Max or Mad 
(data not shown). However, when GST-mSin3B-PAH2 is 
included in the binding reaction with t e Mad-Max hetero- 
complex, approximately 50% of the heterocomplex is de- 
tected in a new band with slower mobility (Figure 5B, lane 
2, upper arrow on the left). This complex is not detected 
when GST protein is added to Mad and Max (Figure 5B, 
lane 3), suggesting that the slower migrating complex con- 
tained Mad-Max and the PAH2 domain of mSin3B bound 
to DNA. This is consistent with the finding that when a 
Mad protein with two point mutations in the mSin3-binding 
region (Mad [L12P/A16P], see below) is used in the assay, 
we fail to detect he slowly migrating complex (Figure 5B, 
lane 5), although the Mad (L12P/A16P)-Max complex is
readily observed (lanes 4 and 5). Taken together, these 
data strongly suggest that the slower mobility band is a 
complex of Mad-Max-GST-mSin3B-PAH2 with CM-1. 
Further evidence that GST-mSin3B-PAH2 is present 
in a higher order complex comes from the use of antibodies 
to examine the complexes. An anti-GST antiserum blocks 
formation of the Mad-Max-GST-mSin3B-PAH2 com- 
plexes and partially supershifts them to he top of the gel 
(Figure 5B, lane 8). The supershifted band is not present 
when the antibody is preincubated with GST protein (Fig- 
ure 5B, lane 9). We also found that an anti-mSin3A anti- 
body completely blocked formation of the ternary complex 
(data not shown). Inother control experiments, we showed 
that the ternary complex with CM-1 is reduced with addi- 
tion of excess unlabeled CM-1, but not addition of a Myb 
DNA-binding site (data not shown). These results suggest 
that Mad-Max heterodimers bind mSin3B to form ternary 
complexes that are competent for specific DNA binding. 
Since the Mad proteins used in this experiment were puri- 
fied from in vitro translation reactions, we have not ruled 
out the possibility that association between Mad and 
mSin3 is mediated by another, as yet unidentified, pro- 
tein(s). 
Transcription Repression by Mad-Max Requires 
Interaction with mSin3 
As demonstrated above, the amino-terminal 25 amino 
acids of the Mad protein are necessary for interaction with 
mSin3A. Analysis of this region showed that residues 
5-21 can be modeled as an amphipathic helix (Figure 6A). 
Because such structures are often involved in protein- 
protein interactions, we thought that this region might me- 
diate the interaction of Mad with the roSin3 proteins. To 
test this idea, we attempted to alter the conformation of 
this region by introducing two point mutations that result 
in Leu-12 and Ala-16 being changed to proline (Figure 
6A). As with the interaction experiments shown above, we 
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Figure 6. Identification of a Amino-Terminal Region i Mad Required 
for Binding to mSin3A 
(A) Amino acids 5-21 of the Mad polypeptide are diagrammed on a 
helical wheel. The hydrophobic residues and charged residues are in 
circles and rectangles, respectively. The positions of Leu-12 and Ala- 
16 and their subsequent mutation to proline is also shown. 
(B) The proteins listed at the left were labeled with [~S]methionine in 
a translation reaction in vitro. They were either analyzed directly or 
following immunoprecipitation under low stringency conditions using 
anti-Mad antiserum in the indicated combinations (plus sign, present; 
minus sign, absent). The positions of the molecular weight markers 
are shown. 
synthesized and labeled this mutant protein in vitro and 
tested its binding to mSin3A or mSin3A9 by immunopre- 
cipitation. Under conditions in which wild-type Mad could 
be easily detected bound to mSin3A or mSin3A9, we de- 
tected little or no interaction between Mad (L12P/A16P) 
and either protein (Figure 6B). This mutation also fails to 
form Mad-Max-mSin3 complexes on DNA (see Figure 
5B). The binding of mSin3B to Mad was disrupted by this 
mutation as well (data not shown). These results are con- 
sistent with the idea that he putative (~-helix in the amino 
terminus of Mad mediates it interaction with the mSin3 
proteins. 
In previous work, we have shown that Mad functions as 
a transcriptional repressor and that its repressive activity 
is dependent on its interaction with Max (Ayer et al., 1993). 
The homology between the general yeast repressor Sin3 
and the newly identified mSin3 proteins and the ability of 
the mammalian mSin3 proteins to form ternary complexes 
competent for DNA binding prompted us to examine 
whether transcriptional repression by Mad requires inter- 
action with mSin3. We therefore performed transfections 
into NIH 3T3 cells using vectors driving the expression of 
Mad and Mad (L12P/A16P). The reporter gene used in 
these experiments consists of four reiterations of the Myc- 
Max and Mad-Max consensus-binding sites cloned up- 
stream of a minimal herpes simplex virus thymidine kinase 
promoter, all of which drives the expression of the chloram- 
phenicol acetyltransferase (CAT) gene (Kretzner et al., 
1992a; Ayer et al., 1993). As reported previously, transfec- 
tion of this reporter alone resulted in substantial back- 
ground transcriptional ctivity (Figure 7), apparently due 
to the endogenous Myc, Max, and other E box-binding 
proteins (Kretzner et al., 1992a; L. Kretzner, unpublished 
data). However, when increasing amounts of the Mad ex- 
pression vector was transfected into these cells, the en- 
dogenous transcriptional ctivity of the reporter was re- 
pressed. By contrast, introduction of equivalent amounts 
of the Mad (L12P/A16P) expression vector had no repres- 
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Figure 7. Transcriptional Properties of Mad and Mad (L12P/A16P) 
Transcriptional ctivity of the diagrammed M4MinCAT reporter was 
determined by measuring CAT activity following transfection of the 
indicated expression vectors in the indicated amounts into NIH 3T3 
cells. The activation observed in the absence of any transfected ex- 
pression vector indicated the endogenous activity of the reporter gene. 
Abbreviations: hsv TK, herpes simplex virus thymidine kinase pro- 
moter; M4MinCAT, reporter gene consisting of four reiterations ofthe 
Myc-Max and Mad-Max consensus-binding sites cloned upstream of 
a minimal hsv TK promoter. 
sive effect on the transcriptional activity of the reporter 
(Figure 7). This lack of repression by Mad (L12P/A16P) 
was not due to poor expression or altered localization 
of the mutant since immunoprecipitation experiments 
showed it was expressed in the nucleus at the same level 
as wild-type Mad and formed heterodimers with Max (data 
not shown). Therefore, alteration of only 2 amino acids in 
Mad not only prevented its binding to mSin3A and mSin3B 
in vitro but also rendered Mad incapable of functioning as 
a transcriptional repressor in vivo. 
Discussion 
Using the full-length mad cDNA as bait in the two-hybrid 
interaction screen, we have identified two mammalian ho- 
mologs of the yeast general transcriptional repressor Sin3, 
mSin3A and mSin3B. The interaction between Mad and 
the mSin3 proteins is mediated by the PAH2 domain 
of the mSin3 protein and a potential amphipathic m-helix 
in the amino terminus of Mad. Mad proteins bearing muta- 
tions in this amino-terminal region can neither bind 
mSin3A in vitro nor repress transcription in vivo, strongly 
suggesting that the mSin3-Mad interaction is necessary 
for transcriptional repression by Mad. The finding that 
mSin3 protein is expressed in many of the same cells as 
Mad supports this contention (C. Queva, D. E. A., and 
R. N. E., unpublished data). Nonetheless, it is possible 
that Mad repression might also function by binding of an- 
other corepressor to the Mad amino-terminal helix. We 
have previously shown that transcriptional repression by 
Mad is dependent on its ability to form DNA-binding hetero- 
dimers with Max (Ayer et al., 1993); here, we show that 
Mad, Max, and mSin3A can form complexes in solution, 
and the PAH2 domains of mSin3A and mSin3B can form 
ternary complexes on DNA with Mad and Max in vitro. 
Therefore, these data strongly suggest that Mad-Max het- 
erodimers repress transcription by tethering one of the 
mSin3 proteins to DNA. Preliminary experiments uggest 
mSin3A is, like Max, an abundant and stable protein (data 
not shown). Therefore, Mad may be the only component 
of the complex that is highly regulated, mSin3B is ex- 
pressed in the NIH 3T3 cells used in our transfection exper- 
iments and appears to be in excess in these cells, as trans- 
fection with mSin3 expression vectors does not result in 
any additional repression by Mad-Max (data not shown). 
What is the mechanism of transcriptional inhibition by 
the mammalian Sin3 proteins? As yeast Sin3 can repress 
a wide spectrum of genes that are involved in highly di- 
verse cell processes (Nasmyth et al., 1987; Sternberg et 
al., 1987; Strich et al., 1989; Vidal et al., 1990, 1991; Bow- 
dish and Mitchell, 1993; McKenzie et al., 1993; Hudak et 
al., 1994), it has been suggested that this protein is a gen- 
eral repressor of transcription. This point is somewhat con- 
troversial as Sin3 also seems to be required for the activa- 
tion of some genes (Vidal et al., 1991; Yoshimoto et al., 
1992). However, this effect may be indirect (Wang et al., 
1994). Yeast Sin3 does not possess DNA binding activity, 
but it can repress transcription when coupled to a heterolo- 
gous DNA-binding domain (Wang and Stillman, 1990, 
1993). Thus, Sin3 may repress transcription by being teth- 
ered to DNA by a sequence-specific binding protein. Re- 
cently, another yeast repressor has been postulated to 
function in just such a manner. A complex of Ssn6 and 
Tupl proteins is recruited to the STE6 promoter by a heter- 
odimer consisting of MATa2-MCM1 (Cooper et al., 1994). 
Like Sin3, Ssn6 cannot bind DNA directly (Schultz et al., 
1990), but it can repress transcription when fused to a 
heterologous DNA-binding domain (Keleher et al., 1992). 
Therefore, it has been suggested that Sin3 and Ssn6 might 
repress transcription through similar mechanisms (Wang 
and Stillman, 1993). In mammalian cells, mSin3A and 
mSin3B perhaps function in a similar manner. Mad-Max 
heterodimers might recruit mSin3A or mSin3B as a core- 
pressor to the DNA. The recruitment of transcriptional re- 
pressors to the DNA by sequence-specific DNA-binding 
proteins may be a common mechanism by which gene 
expression is down-regulated, as it has been recently 
shown that the adenovirus E1B 55K protein can repress 
transcription by being tethered to DNA by p53 (Yew et al., 
1994). Furthermore, the Drosophila bHLH-ZIP proteins 
Enhancer of split, hairy, and deadpan act to suppress tran- 
scription through interaction with the corepressor groucho 
(Paroush et al., 1994). 
The ability of Mad to repress a minimal promoter (Figure 
7) suggests that mSin3 may primarily function by inhibiting 
the general transcription machinery, either by direct inter- 
action or via organization of negatively acting chromatin. 
This finding does not rule out the possibility that Mad- 
Max-roSin3 ternary complexes could "quench" activators 
(Gray et al., 1994) as well. Interestingly, the region be- 
tween PAH1 and PAH2 of mSin3A is 42% proline, gluta- 
mine, and alanine residues, similar to repression domains 
described for other proteins (Licht et al., 1990; Madden 
et al, 1991 ; Han and Manley, 1993; Tzamarias and Struhl, 
1994), suggesting that this region may directly mediate 
repression. 
The potential amphipathic (~-helJx in the amino terminus 
of Mad is required for interaction with mSin3A. Indeed, in 
a two-hybrid assay, the amino-terminal 25 residues of Mad 
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are both necessary and sufficient for interaction with 
mSin3A and mSin3B (data not shown). A search of the 
data base revealed no significant homologies to this region 
of Mad nor was it similar to repression domains in other 
transcription factors. This suggests that mSin3 is unlikely 
to be a universal mediator of repression in mammalian 
cells, at least by binding through a Mad-like (z-helix. How- 
ever, mSin3A and mSin3B also can interact with a Mad 
homolog, Mxi l .  Recent revision of the published Mxi l  se- 
quence (Zervos et al., 1993) reveals an open reading frame 
in the amino terminus of Mxi l  that includes a homologous 
mSin3-binding site. In addition, this homology region is 
present in two newly identified Mad-related proteins that 
also interact with roSin3 and function as transcriptional 
repressors (P. Hurlin et al., unpublished data). 
The identification, cloning, and characterization of the 
mSin3 proteins adds to the complex array of interacting 
factors that appear to control the activity of the Myc family 
members. Mad (L12P/A16P) can neither interact with 
mSin3A nor repress transcription and, in fact, appears to 
activate transcription, albeit weakly (Figure 7). This result 
suggests that loss of mSin3 activity, either by transcrip- 
tional down-regulation or mutation, may result in loss of 
Mad-Max  repression and, under some circumstances, 
might lead to transcriptional activation by Mad-Max. 
Therefore, by mediating Mad-Max  activity, the mSin3 pro- 
teins may play a critical role in determining the proper 
balance between transcriptional activation by Myc-Max 
and transcriptional repression by Mad-Max and, as such, 
may play an important role in modulating cell behavior. 
In addition, mSin3 may mediate the repression activity of 
other transcription factors in addition to Mad since it is 
apparently present in cells that do not express Mad. This 
implies that alterations in mSin3 expression may disrupt 
the normal function of multiple regulatory pathways. 
Experimental Procedures 
Two-Hybrid Screen 
The entire Mad open reading frame, as an EcoRI fragment, was fused 
in frame to the LexA DNA-binding domain in the vector pBTM116 
(provided by P. Bartel and S. Fields). The screen was carried out 
essentially as described by Vojtek et al. (1993). From the original 5 x 
106 primary yeast transformants, roughly 120 could support growth on 
media lacking histidine. Of these, approximately 75 could also activate 
LacZ expression and were chosen for further characterization. 
Cloning of mSin3A and mSin3B 
mSin3A was cloned from a mouse ES AB1 cell line randomly primed 
cDNA library (provided by P, Soriano and Z. Chen) in ZYES phage 
(Elledge et al., 1991 )using the entire A11 insert as a probe. The major- 
ity of the open frame was isolated on two overlapping cDNAs. The 3' 
end of the coding region was obtained by amplifying an aliquot of 
phage stock with a nested set of internal PCR primers and a primer 
in the phage vector, mSin3B was isolated from a mouse day 19 embry- 
onic kidney randomly primed cDNA library in the vector pcDNA1 (a 
gift of V. Dixit). The apparently full-length open reading frame was 
constructed from two overlapping cDNA clones. Both clones were 
cloned into pVZ (Henikoff and Eghtedarzadeh, 1987) and sequenced 
using a series of nested exonuclease III deletions (Henikoff, 1984) and 
an Applied Biosystems automated sequencing apparatus. 
Mutagenesis and Subcloning 
The deletion mutations in the Mad protein, AN25, AN34, and AN56, 
were made using oligonucleotides to PCR amplify the mad cDNA from 
the pVZmad vector (Ayer et al., 1993). The resulting products were 
cloned into pCite-1 (Invitrogen). The internal deletions in helix 1 (AH1), 
helix 2 (AH2), AH LH, the leucine zipper (ALZ), and APAH2 were made 
by PCR amplification of the appropriate cDNA with pairs of primers 
on either side of the desired deletion and primers (m13 universal or 
m13 reverse) in the vector. These mutations delete the following amino 
acid residues: AH1,70--84; AH2, 91-108; AHLH, 70-108; ALZ, 115- 
141; and APAH2 320-381. Mutation in the basic region (ABR) of Mad 
has been previously described (Ayer et al., 1993). The resulting frag- 
ments were subcloned into pCite-1 for Mad and into pVZ for mSin3A 
APAH2. Mad (L12P/A16P) was constructed using two overlapping 
PCR oligos containing the mutations, following published methods 
(Ho et al., 1989). 
In Vitro Translation, Binding, and Immunoprecipitations 
Proteins were synthesized and labeled in vitro using rabbit reticulocyte 
lysate and [~S]methionine, according to the instructions of the manu- 
facturer (Promega). For the coimmunoprecipitations, the proteins were 
translated for 30 min; then, appropriate aliquots were mixed and incu- 
bated for an additional 30 rain. The appropriate antiserum (anti-Mad, 
Ayer and Eisenman, 1993; or anti-Max, Blackwood et al., 1992) was 
then added, followed by a 60 min incubation on ice. The immunoglobu- 
line were isolated with protein A-Sepharose, and the beads were 
washed three times with L100 buffer (PBS, 100 mM KCI, and 0.250/0 
NP-40) (Ayer et al., 1993) prior to analysis on SDS-polyacrylamide 
gels. In cases in which purified Max protein was added to the binding 
reactions, the addition followed the initial 30 min translation reaction. 
Electrophoretic Mobility Shift Assays 
The assays were performed essentially as described (Ayer et al., 1993). 
Max protein was purified from Sf9 cells infected with a recombinant 
baculovirus vector expressing Max (Ayer et al., 1993). GST-rnSin3A- 
PAH2 and GST-mSin3B-PAH2 were constructed by subcloning the 
cDNA inserts from the original VP16 fusion isolates into pGEX-3X 
(Pharmacia), and they only contain sequences around the PAH2 do- 
main. These proteins were expressed and purified as previously de- 
scribed (Ayer et al., 1993). The full-length Mad or Mad (L12P/A16P) 
proteins were synthesized in vitro using rabbit reticuolcyte lysate (Pro- 
mega) programmed with the appropriate RNA in the presence or ab- 
sence of 20 ng of purified Max protein. Mad and Mad-Max heterocom- 
plexes were purified using a histidine tag fused to their carboxyl 
termini. In brief, the tagged Mad proteins were bound to the Ni-agarose 
beads (Qiagen) in HM0,1 (Ayer et al., 1993) and were washed exten- 
sively with this buffer. Mad or Mad-Max heterocomplexes were then 
eluted in batch with 250 mM histidine in HM0.1. 
Transfections and CAT Assays 
The expression of the cDNAs described here was under control of the 
SV40 early promoter and enhancer. DNA was transfected into NIH 
3T3 cells, and CAT assays were performed as described (Kretzner et 
al., 1992a; Ayer et al., 1993). Transfection efficiencies were normalized 
to an internal ~-galactosidase control. 
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